The effects of Au grains on graphene conduction and doping are investigated in this report. To obtain a clean Au-graphene contact, Au grains are deposited over graphene at elevated temperature and in high vacuum, before any chemical processing. The bulk and the effective contact resistance versus gate voltage demonstrate that Au grains cause p-doping in graphene. The Fermi level shift is in agreement with first principles calculations, but the equilibrium separation we find between the graphene and the top-most Au layer is larger than predicted. Nonequilibrium electron transport displays giant-phonon thresholds observed in graphene tunnel junctions, demonstrating the tunneling nature of the contact, even though there are no dielectrics involved.
graphene wavefunctions. One consequence is a large equilibrium separation between carbon atoms in graphene and metal atoms on the surface of the metal. 11, 12 The metal contacts induce charge transfer (doping) in graphene in response to the difference between the work functions. In this letter we investigate clean Au-graphene contacts, and find that graphene is significantly p-doped, more than expected from theory. In addition, we find that nonequilibrium electron transport through Au-graphene exhibits inelastic thresholds, at the same energy as the inelastic thresholds found in graphene tunnel junctions. 13 This demonstrates that the clean Au-graphene contact is similar to a tunnel junction.
We make graphene flakes by mechanical exfoliation from natural graphite.
14 As a substrate, we use degenerately doped Si-wafers covered with a 300nm thick thermally grown SiO 2 layer. The Si-wafer is used as a back gate. Optical contrast and Raman spectroscopy confirm single layer graphene flakes. 15 Prior measurements of the metal-graphene contact resistance show big variability; the fabrication, temperature, the metal used, and gate voltage seem to have an effect on the contact resistance. 10, [16] [17] [18] [19] If lithography is involved between the exfoliation step and the metal deposition step, which appears to have been the case in the prior measurements, then polymer residue can be left in the contact, thereby changing the contact resistance. To eliminate the residue, the contacts in our samples are made without any lithography. The samples are mounted on a metal deposition stage and pumped to high vacuum (1.0×10 −7 Torr), immediately after the exfoliation before any chemical processing.
The samples are heated in high vacuum to 250C for approximately 12 hours. After this bake-out, a Au film is deposited over the sample at ∼460
• C at the rate of 1.0 nm/s, by which has no Au grains. We have studied in detail two samples for each grain coverage, the major results presented here were reproducible among those samples. The electron-hole asymmetry in bulk resistance, versus grain coverage, can be explained by p-n junctions, as in Ref. 5 . Since the graphene channels in Fig. 1A are short and wide, the channels will be doped because of the proximity to the contact. 8, 9, 20 From the calculations in Refs. 9 , we estimate that the charge density near the middle of the channels, at zero gate voltage, is approximately 50% of the charge density directly under the contact. At the gate voltage below the resistance maximum, both the channels and the graphene under the contact are p-doped. As the gate voltage increases, the charge neutrality will be reached in the channels first, creating p-n junctions, thereby reducing the slope in bulk resistance versus gate voltage. 
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The observed Fermi level shift is also larger than reported in previous experiments. The effects of individual Au atom adsorbates on graphene conduction have been investigated at low temperatures. 21 Individual Au atoms lead to n-doping in graphene, but as Au-atoms bind into clusters, the Fermi level shifts back to neutrality. 21 The measurements of ∆E F in large
Ti/Au-graphene contacts, obtain ∆E F = 0.25eV by photocurrent microscopy, 6 but those contacts involved electron-beam lithography over graphene, before the metal deposition.
Photoemission spectroscopy of SiC-graphene with intercalation of Au monolayers displayed smaller p doping, ∆E F = 0.19eV .
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At zero gate voltage, the effective contact resistance is 915Ω. The contact area between the grain and graphene, estimated from the sample image, is ≈ 0.016µm 2 , so the effective resistivity of the contact would be ρ = 14.6 · 10 −8 Ωcm 2 . Alternatively, the diameter of the grain is approximately 140nm, and so the effective resistance per unit length is only 128Ωµm, comparable to the current record. 10 At -100V on the back gate, the contact specific contact resistance drops to 95Ωµm. The effective contact resistance measured in other similarly sized grains agrees with the above. The effective contact resistance is equal to the contact resistance only if the spread resistance from graphene under the contact and from graphene surrounding the contact is negligibly small compared to the contact resistance. If the spread resistance is significant, then the effective contact resistance will be larger than the contact resistance. Thus, the estimate presents an upper bound of the contact resistance. We expect that effective contact resistance is not far above the contact resistance. The contribution to the effective contact resistance from the graphene channels cannot be strong, because of the very weak magnetic field dependence of the effective contact resistance compared to the bulk (Figs. 3A and B) . The graphene channels are less doped than the graphene directly under the contact. Since the maximum in the effective contact resistance is 30V above the bulk resistance maximum, the channels have a reduced contribution to the effective contact resistance.
Next, we discuss nonequilibrium electron transport. The ZBA in Au-covered graphene samples exhibits additional peaks. The first peak is observed near ±70mV, as indicated by arrows in Fig. 3 . All the peak locations are symmetric with respect to the sign of the bias voltage. The absence of peaks below 70mV suggest that the sample resistance is affected by some inelastic scattering process requiring an energy difference of at least 70meV. Inelastic conduction thresholds near 70meV have been observed in scanning tunneling spectroscopy in graphene 13 and in graphene tunnel junctions. 26 They have been attributed to the 67 meV out-of-plane acoustic graphene phonon modes located near the K/K' points in reciprocal space. 27 Electrons with energy less than this phonon energy tunnel elastically between graphene and the metal. Due to the conservation of momentum, the effective barrier height of the tunneling junction is enhanced byh 2 K 2 /2m ≈ 11eV , so the probability of the elastic tunneling is reduced. [28] [29] [30] In inelastic tunneling, an electron at energy 67meV above the Fermi level can tunnel through the barrier with zero in plane momentum, through the emission of a K point out-of-plane phonon.
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The barrier height for the inelastic tunneling is reduced by 11eV compared to that for the elastic tunneling, enhancing the probability of inelastic tunneling.
In absence of electron-phonon relaxation in our samples, the electron distribution will 
